Temperature control is indispensable for polymer electrolyte membrane fuel cell (PEMFC) systems to ensure its safety and efficiency when working continuously. To control the fluctuation of stack temperature within a narrow range around the optimum operating temperature, a fuzzy controller is designed and applied to the cooling pump of a 5-kW water-cooled polymer electrolyte membrane fuel cell system. The stack temperature and its derivation are considered as fuzzy inputs, and coolant pump voltage is chosen as the control variable. A comprehensive water-cooled PEMFC system simulation model is developed first to validate the efficiency of the proposed fuzzy controller. Three other controllers (on/off controller, state feedback controller, and PID controller) are introduced as comparisons to highlight effectiveness of this proposed fuzzy controller by demonstrating its suitability in fuel cell stack temperature regulation. In addition, the robustness of the proposed system is demonstrated by using different parameter perturbations. In addition, the effectiveness of the proposed fuzzy controlled fuel cell system is verified by real experiment. Simulation results and experimental data demonstrate that the proposed fuzzy controller can manage the stack temperature in real-time effectively. Stack temperature can fluctuate within 2 • C with the application of fuzzy control.
I. INTRODUCTION
As energy and environmental issues continuously intensify, new energy will inevitably replace fossil fuels as the main source of energy in the future. For the past several decades, polymer electrolyte membrane fuel cells (PEMFCs) have attracted increasing attention in vehicles and stand-alone power generators as one of the most promising candidates for environmentally friendly energy sources because of their improved durability, great stability, and competitive power density [1] - [3] . However, certain challenges, such as stack temperature regulation, should be overcome for the popularization of PEMFCs [4] , [5] . PEMFCs are more sensitive to temperature variation than other types of power sources due to their relatively low operating temperature (from 30 • C to 100 • C) [6] . Lower stack temperature will deteriorate performance, whereas higher temperature will cause components failure. Thus, as temperature dynamic management is The associate editor coordinating the review of this manuscript and approving it for publication was Xiaojie Su. crucial [7] - [9] , effective temperature control is vital for PEM-FCs to work safely and effectively.
In many remote area or islands, there are the small quantity and scattered distribution of residences. It is difficult and costly to supply power by conventional electricity grids. The application of the stationary PEMFCs is an acclaimed scheme to solve the abovementioned energy supply problem in these cases. The household PEMFC has kilowatt-level power but adverse passive heat dissipation condition, therefore, temperature management is still a major challenge to its widespread commercial application.
Excellent temperature management is inseparable from appropriate control strategies. Rabbani et al. developed a multiple PI controller for an automobile cooling subsystem [10] . In reference [11] , a closed-loop water circulation strategy was applied to cool a 3 kW PEMFC system. In this reference, a feedback PI controller was applied to regulate the voltage of the water circulation pump, and an on/off controller was introduced to determine the operating condition of the radiator fan. Wang et al. designed fuzzy control rules for controlling cell temperature and built a real experimental device to verify the effectiveness of the proposed control [12] . Ou et al. proposed a MIMO (multiple-input-multiple-output) fuzzy controller to regulate the temperature and relative humidity of a 2 kW opencathode PEMFC [13] . Han et al. developed a feedback controller including MRAC (Model Reference Adaptive Control) to address uncertainties and controlled the stack and the coolant inlet temperature of a PEMFC robustly [14] . In reference [15] , the temperature variations of a control-oriented dynamic model of a liquid-cooled PEMFC system were studied by a system level, and the stack cooling was realized by a feedback PID controller. A thermal circuit coupled with classic proportional and integral (PI) controllers and a state feedback control can be found in reference [16] . O'Keefe et al. applied a proportional and integral'(PI) controller to affect the stack temperature by changing the flow rate of cooling water passing across the stack [17] . Table 1 summarizes the advantages and the disadvantages of these researches. As can be seen from the table, most of these researchers studied the control strategies mainly on the MATLAB/Simulink platform or cooling for a small power rank fuel cell system.
In this study, a medium-sized 5 kW water-cooled PEMFC system for a household usage coupled with a two-closedcooling-loop module is built using MATLAB/Simulink, and a fuzzy controller is designed for keeping the stack temperature variation within an ideal range around the optimum operating temperature when dynamic load profile is applied. Several conventional control methods are also applied to the established model to compare with fuzzy control performance. The simulation result shows that the fuzzy controller facilitates faster transient response and easier implementation than the other methods. In addition, as the fuel cell system is a highly nonlinear coupled system, fuzzy control proves its superiority over the other control methods because fuzzy control rules utilize the knowledge of human experience without knowing the exact dynamical model [18] . The experiment device is built based on a 5 kW fuel cell system. The experimental result demonstrates that the proposed fuzzy control possesses can regulate the difference between the real operating temperature and ideal temperature within 2 • C. Consequently, fuzzy control can be considered as an excellent control strategy for controlling fuel cell stack temperature and it can provide safety, endurance, and efficiency in the household fuel cell system operations.
II. DEVELOPMENT OF A WATER-COOLED PEMFC SYSTEM
To analyze the dynamic system model of a 5 kW water-cooled PEMFC thoroughly and clearly, a thorough understanding of its principle, mechanism, and property is necessary [19] . The schematic of the water-cooled PEMFC system is demonstrated in Figure 1 . Fuel cell stack, made up of numerous single cells in a series, is the core module and the only electricity source of the entire system. A specific electrochemical reaction producing water, heat, and electricity occurs in the cathode and anode of every single cell. The corresponding reaction equations can be described as follows:
The anode reaction:
The cathode reaction:
The overall reaction:
Other components of this system can be called a balance of plants (BOPs) [19] . An air blower and a humidifier coupled with a water separator make up an oxygen intake module, that provides compressed and humidified air prior to the stack cathode. A hydrogen supply module consists of pressurized hydrogen cylinder and corresponding valves. The cooling module is divided into two circulation loops-one for the coolant and the other is for cooling water composed of two pumps, two reservoirs, a radiator coupled with a fan and a heat exchanger along with the circulation pipeline. The novel structural design of the cooling module has two main advantages. First, this module avoids the chemical incompatibility between coolant and radiator. Second, it can be conveniently used for proposing waste heat recovery at the water reservoir.
A. ELECTROCHEMICAL MODEL OF PEMFC YSYTEM
To understand clearly how the stack temperature varies as the current load profile changes, an exact electrochemical model should be developed. The fuel cell voltage is affected by various factors, such as partial pressure of oxygen and hydrogen, but the voltage of every unitary fuel cell in a stack varies. For simplicity, every cell voltage in a stack is assumed to be equal at the same specific moment. The function of fuel cell voltage for a single cell is nonlinear because of the existence of voltage loss caused by ohmic, concentration and activation losses. An electrochemical voltage model was developed in references [13] , [15] . Therefore, the operating voltage of a unitary fuel cell V fc can be denoted as follows [20] , [21] :
where, i represent current density [A/cm 2 ]; i max is the limiting current density [A/cm 2 ]; R ohm is the internal electrical resistance [ · cm 2 ]; E Nernst is the Nernst open circuit voltage [V] and its value is determined by the function of fuel cell temperature T fc [K] , ambient temperature T amb [K], hydrogen partial pressure p H 2 [bar] and oxygen partial pressure p O 2 [bar]. Following the thermodynamic conditions in the standard state entropy change, E OCV and other parameters can be formulated as follows [3] , [15] , [22] :
in which, a 1 , a 2 , a 3 and c 1 , c 2 , c 3 are calibrating parameters, and all parameters values except c 2 are list in Table 2 , and c 2 can be determined using the following equation:
where, v 0 and v a are voltage empirical parameters represented by the function of fuel cell temperature 
The value of ohmic internal resistance is equal to the ratio of the thickness of the membrane t m [cm] to the membrane conductivity σ m as follows [20] : The membrane conductivity is formulated by the water content of the membrane as follows [15] :
where the value of membrane water content λ m can vary from 0 to 14. In this study, the water content of the membrane is kept at 100% throughout the whole operating condition.
Other relative parameter values are list in Table 2 .
The fuel cell stack is composed of numerous single fuel cells in a series. Thus, the total voltage of the stack is approximately equal to the sum of every single cell voltage. The PEMFC model is developed using MATLAB/Simulink as shown in Figure 2 . The electrochemical model is validated by comparing it with the experimental results. The experiment was performed with 5 kW water-cooled PEMFC system as shown in Figure 3 . In Figure 4 , the experimental data and simulation result matches closely. Thus, our electrochemical model for designing the controller is feasible.
B. THERMAL MODEL OF THE PEMFC SYSTEM
With the occurrence of an electrochemical reaction in each fuel cell, a large amount of heat will be produced. The fuel cell stack can operate efficiently and continuously only if the waste heat is removed from the stack instantly. Excellent operating performance requires the stack temperature to vary within the desired narrow range. For the small electrical power fuel cell stack, air cooling is a simple and economic method. However, if the stack power excesses 5 kW, then water cooling or evaporative cooling is recommended to remove the extra heat efficiently.
In this study, as the research object is the water-cooled 5kW hydrogen PEMFC stack, the excess heat generated during the electrochemical reaction will be dissipated via conduction and convection by regulating the speed of the coolant pump, thereby inducing the change in the coolant flow rate correspondingly [15] .
Following the laws of thermodynamics, the entire heat balance of a stack can be expressed as [12] : (13) where [23] :
where n denotes the quantity of single fuel cells, I st is the stack current [A], F represents Faraday constant. The total electrochemical energy can be shown as follows:
The moral heat of reaction H is determined by the chemical equation as:
For simplicity, it is assumed that the amounts of reactants which involved in the electrochemical reaction are proportional to the corresponding input gases. The coefficients of proportionality are expressed by γ H 2 and γ O 2 respectively. The reactant flow rates are calculated as follows:
As both hydrogen and air are humidified before entering to the anode and cathode, the flow rate of humidifying vapor in cathode and anode is expressed as follows:
N in,an,va = P sat T an,in P an − P sat T an,in N in,H 2 (22) where N in,ca,va , N in,an,va are the input humidifying vapor flow rates of cathode and anode, respectively. P sat , P ca , P an are the saturated vapor pressure, cathode pressure, and anode pressure, respectively. T ca,in , T an,in are the cathode inlet flow temperature and anode inlet flow temperature. From the molar conservation principle point of view, the molar flow rate of each gas can be expressed as:
It is assumed that the atmosphere air consists of oxygen and nitrogen, accounting for 21% and 79% by volume respectively. Also, oxygen is considered completely consumed during the electrochemical reaction.
The sensible heat is expressed as follows:
in which, 
As most of the waste heat is taken away from the fuel cell stack by coolant passing across the stack, the heat removal rate can be denoted as follows:
where ξ is the empirical parameter and its value can be obtained by experiments.ṁ coolant is the coolant flow rate, and C p,coolant is the special heat of the coolant. T coolant,out and T coolant,in indicate the temperature at which the coolant enters and exits the stack, respectively. The desired output of a PEMFC stack is the electric power, which is expressed as follows:
The last term of entire heat balance, Q conv , is the rate of convection heat dissipation, and the following expression is used: Table 3 shows the operating specification of the PEM fuel cell. Figure 5 shows the block diagram of the cooling module in MATLAB/Simulink platform and Figure 6 demonstrates the simulation results of current, voltage, power, and power distribution of the proposed model, respectively. 
III. FUZZY LOGIC CONTROL
In this study, the 2D fuzzy controller is designed and applied to regulate the coolant pump voltage to change the coolant flow rate. Figure 7 shows the schematic of this controller, which has two fuzzy inputs and one fuzzy output. Input variables are the temperature error and its derivative, whereas, the voltage of a coolant pump is chosen as the fuzzy output to regulate coolant flow rate passing through the pump. The temperature error range is determined from −5 • C to 5 • C, the derivation of temperature error is selected from −8 • C/s to 8 • C/s, and the output range is chosen from −10 V to 10 V. The inputs and output are all divided into seven ranges, namely, NB (negative big), NM (negative middle), NS (negative small), Z (zero), PS (positive small), PM (positive middle), PB (positive big). Table 4 shows the 2D fuzzy inference rules of this controller.
A. COMPARISION WITH OTHER CONTROL METHODS
Numerous high-performance control strategies are available in the field of control research, and several of these stratigies have achieved remarkable results in certain previously published papers [24] - [27] . In the current study, three other main control strategies (on/off control, state feedback control, and PID control) are also designed and applied to the established fuel cell model in the simulation to compare their control performances. By comparing the fuzzy control of the simulation result, the superiorities and effectiveness of the fuzzy control can be demonstrated convincingly.
In this study, the coolant circulation loop of the cooling module is analyzed, and the water circulation loop has enough capacity is assumed to have sufficient capacity to take in all the heat from the coolant circulation loop. Figure 8 demonstrates the simulation results of coolant flow rate profiles by applying different controllers. Evidently, the coolant flow rate curves controlled by the three controllers are almost the same. Regarding the on/off controller, its control response only has two states, namely, shutdown and 100% opening. Therefore, the corresponding theoretical value of the coolant flow rate can only be 0 or the preset value (This value is 7×10 −3 kg/s in this study). When the load changes drastically, the conversion frequency of the coolant pump operating state is high. Meanwhile, a relatively long duration time of 100 % opening state exits when encountering a large applied load (as shown in Figure 8 during 50-100 s). Therefore, if the load has a very large variation range, then the power of the coolant pump should be large; otherwise, the pump may not adequately meet the heat dissipation requirement during the large load period. Thus, the on/off controller is unsuitable for fuel cell systems with high-power and large-load changes, such as, the fuel cell systems used for household applications, which have a large range of energy changes, or for automobile applications.
To analyze the response characteristics of the four controllers more clearly, several partial enlargements of Figure 8 are shown in Figure 9 . All four controllers respond instantly when the current load changes (at 50s, 100s, 200s, and 250 s as shown in Figure 9 (a)∼(d) ). However, the on/off controller and the PID controller respond more violently than other controllers.
In accordance with the results shown in Figure 10 , the control effect of the state feedback controller is not as capable as the performance of the other three controllers in the field of temperature management. From the partial enlargement of the periods of 3-14 s and 148-160 s, the temperature disturbance of the proposed stack is minimal under the management of the fuzzy control strategy. The proposed fuzzy controller shows better performance in response time and temperature varying range compared with that in the references [3] , [11] , [17] The mean square error (MSE) of temperature is introduced as the criteria to indicate the performance of each control strategies. The temperature mean square error is expressed as follows:
where T st is the stack temperature, T ref represents the reference temperature. The smaller the mean square error (MSE) is, the better the performance of the corresponding control method is. The MSE values of temperature for each control strategy are listed in Figure 11 . Based on the MSE value, the fuzzy control is the best temperature management method among the four control strategies. The fuzzy controller shows excellent performance and the smallest deviation. This result is consistent with the conclusions drawn by observing the temperature profiles in Figure 10 .
B. ROBUSTNESS ANALYSIS OF THE PROPOSED FUZZY CONTROLLER
In actual use, operating and maintenance can affect the cooling performance of the cooling module. Long-term use without unscheduled maintenance will have a negative effect on the thermal conductivity of water-cooled fuel cell stack. The different types of coolant and its used time also present various cooling characteristics. To understand the impact of fluctuations in certain system parameters on stack cooling and analyze the robustness of the proposed system, two specific heat capacities of the stack C p,st and coolant C p,coolant are selected as the system fluctuation parameters.
In accordance with Equation (13) and Equation (31), the relationship between the nominal value and the actual value of these two parameters is given as follows: 1
where C p,st and C p,coolant nominal value of two specific heat capacities of the stackC p,st and coolantC p,coolant , δ st and δ c are the corresponding value perturbation within the extent from −1 to 1. In this study, simulates the robustness of the proposed fuzzy controller and the on/off controller is simulated and analyzed in seven different conditions as shown in Table 5 . Figure 12 demonstrates the stack temperature profiles under the management of fuzzy controller in different parameter variation conditions, and Figure 13 Figure 10 and Figure 11 reveal that the fuzzy controller and the on/off controller can manage stack temperature fluctuating within a small narrow range. Therefore, the on/off controller also is considered as the robust controller. Figure 14 and The results demonstrated in Figure 10 , Figure 12 , and Figure 14 prove that, the proposed fuzzy control and the on/off control are effective control strategies in a certain condition. However, when the system suffers from some fluctuations, the fuzzy control shows superior robustness in the performance of temperature management.
IV. RESULTS AND DISCUSSION
After comparing the simulation results of the four different control strategies, the fuzzy controller is recognized as the most suitable for the proposed 5 kW water-cooled PEMFC system model. To verify the effectiveness of the proposed control method in actual PEMFC system application, the real experimental apparatus is built based on the PS-5 Fuel Cell System manufactured by PowerCell, which is used as an independent household power source in the republic of Korea. A large water reservoir is introduced to the water circulation loop for storing heat from the PEMFC stack and for transforming waste heat into useful energy (such as energy in domestic hot water). Figure 16 shows the same current load applied to the proposed model for the simulation and the real experiment. The results of the coolant inlet temperature and outlet temperature of the 5 kW water-cooled PEMFC system in simulation and experimental environment are shown in Figure 17 . As for the simulation condition, the inlet temperature is assumed to be constant (67 • C) because the water circulation loop is an ideal loop with enough heat dissipation capacity in the simulation condition. However, in a real experimental environment, the coolant inlet temperature varies within a certain range. Meanwhile, the range of one input of the proposed fuzzy controller, namely, temperature error, is set from −5 • C to 5 • C. If the temperature error is outside this range, then the fuzzy controller will not work. Therefore, during the first half of the time range (around 0-2500 s), the coolant inlet temperature and outlet temperature of the stack rise from the ambient temperature to their respective reference temperatures (67 • C for inlet temperature and 70 • C for outlet temperature). In the latter half of the time range (around 2500s to the end), the temperature deviates within 1 • C between the simulation results and experimental results. Thus, the experimental results fit well with the simulation results. triggered, the controller will start the coolant pump. After 500 s of operation, the coolant flow rate reaches a value close to the simulation data.
Although certain gaps exist between the experimental results and simulation results, these differences are not significant enough to affect the effectiveness of the proposed fuzzy controller in stack temperature management. From the experimental data of temperature, the temperature variation range is within 2 • C, thereby satisfying the system's demand for temperature control. Therefore, the proposed fuzzy controller is effective for the 5 kW water-cooled PEMFC system.
V. CONCLUSION
The 5 kW water-cooled PEMFC system model is built and validated by conducting experiments on the real water-cooled fuel cell system with the same power magnitude. The cooling control method coupled with a selective heat recovery subsystem is proposed, and the four widely used control strategies (on/off controller, state feedback controller, PID controller, and fuzzy controller) are introduced to achieve rapid and effective regulation of stack temperature. These four controllers are designed and applied to the cooling module of this proposed fuel cell system model. The coolant pump speed is subject to the controller and the coolant flow rate changes consequently. Thus, the excess heat generated by electrochemical reaction is taken out of the stack by the coolant. In this manner, the stack can operate efficiently and healthily. After comparing the control efficacy on the stack temperature of each controller on the same model, the fuzzy control is proven the best control strategy for the stack temperature control of the proposed 5 kW water-cooled fuel cell system. The robustness of this proposed fuzzy controller is also validated. In addition, the effectiveness of the fuzzy controller is verified by the real experimental. In summary, given the excellent performance of the fuzzy control, it is the first choice for temperature control for a water-cooled PEMFC systems that possess highly nonlinear dynamic and coupling characteristics.
